Liquid chromatography/linear ion trap mass spectrometry (LC/LIT-MS n ) was used to construct a database of disperse dyes. Fifty-three standard dyes were subjected to LC/LIT-MS n and characterized based on their mass spectra (MS, MS 2 , and MS 3 ), values of λmax (maximum absorption wavelength in the UV-visible spectrum), and retention times. The results demonstrate that it is possible to reliably identify coexisting dyes that cannot be separated by LC or detected by diode array detection due to their low molecular absorption coefficients. In addition, the by-products included in the standard dyes were found to provide important information for the identification and discrimination of dyestuffs synthesized using different processes. The confirmation of the effectiveness of LC/LIT-MS n analysis in detecting small amounts of disperse dyes in this study shows its potential for use in the discrimination of dyed fibers obtained at crime scenes.
Introduction
Fibers collected at crime scenes are one of the most important types of trace evidence, as they prove the contact between the suspect and victim and associate them with the crime scene. 1, 2 Single fibers have been identified using the comprehensive combination of morphological observation under an optical microscope, chemical analysis by infrared microspectroscopy, and color analysis by microspectrophotometry (MSP).
A number of studies using spectroscopy and chromatography for the analysis of dyed fibers have been reported. Standard dye database constructed based on these methods would make it possible to provide useful information for a criminal investigation by the identification of subtypes of dyes collected at the crime scenes without reference fibers to compare with. Analytical techniques for the dyes in single fibers can be classified into spectroscopic methods, including microspectroscopy; Raman spectroscopy and MSP; [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] and chromatographic methods, such as thin-layer chromatography (TLC), [16] [17] [18] [19] [20] [21] [22] [23] [24] high-performance liquid chromatography (HPLC), [25] [26] [27] [28] [29] and liquid chromatography mass spectrometry (LC/MS). [30] [31] [32] [33] [34] As described below, the above methods are known to have some drawbacks.
Infrared microspectrometry and Raman spectrometry provide the information about the chemical structures of dyes. However, the sensitivities of these methods are not sufficient when the amount of dye in the fiber sample is limited. MSP is useful to obtain color information about the dyes in fibers; however, it is ineffective for the analysis of deeply colored fibers because the spectra of other samples can be obscured by those of the deeply colored samples. TLC requires difficult choices of eluents for the separation of various kinds of dyes and is not suitable for the identification of light-colored fibers. The information obtained from HPLC is limited by retention time and can only be acquired for UV-visible spectra, resulting in the poor ability of this method to identify dye types.
The discrimination of different dyes by LC/MS with a diode array detector (DAD) is based on the comparison of the retention times obtained via LC, UV-visible spectra collected using the DAD, and mass spectral data obtained using electrospray ionization (ESI).
LC/MS is superior to HPLC in the identification of dye types because mass spectra provide the direct information concerning dye molecular weight, allowing the differentiation of dyes with identical retention times and UV-visible spectra obtained from the DAD. [30] [31] [32] [33] [34] However, to apply LC/MS with the DAD to construct a dye database, the following three problems should be considered:
(1) Although their chemical structures are different, regioisomer dyes with similar colors and retention times and the same molecular weight cannot be discriminated from each other; (2) incomplete LC separation of two or more dyes makes it difficult to assign the observed MS peaks to dyes in combination with the DAD data and fragmented ions from dyes or other materials; and (3) when the analyzed substances have very low molecular absorption coefficients (ε), the lack of spectral information obtained from the DAD makes it difficult to assign base peak ions in the single mass mode to dyes or the others.
Liquid chromatography/linear ion trap mass spectrometry (LC/LIT-MS n ) with a DAD is an analytical technique that can adequately resolve these problems and be used to construct a dye database. This method enables the highly sensitive detection of ions originating from dyes. The fragment ion spectra obtained by multiple mass spectrometry (MS n ) using the collision-induced dissociation (CID) of parent ions enable more accurate dye identification. In this study, we examined an analytical method for dye ion detection using LC/LIT-MS n and constructed an LC/LIT-MS n database for dye identification.
Experimental
Materials Methanol (LC/MS grade), dimethylformamide (HPLC grade), and 1 M ammonium acetate (HPLC grade) were used aspurchased from Wako Pure Chemical Industries Ltd., Osaka, Japan. Water with a resistivity of 18.2 MΩ cm -1 was prepared using a Millipore Q system (Merck Millipore Co., Ltd., Tokyo, Japan). All dispersed dyes were obtained from dyestuff manufacturers (Nippon Kayaku Co., Ltd., Tokyo, Japan and Kiwa Chemical Industry Co., Ltd., Wakayama, Japan).
Stock solutions of standard dyestuffs were prepared in mixed solvents of methanol and dimethylformamide (DMF) (1:1) at concentrations of 50 μg/mL. Additional details of the studied samples are provided in Table 1 . The chemical structures of the 53 disperse dyes are given in Fig. S1 (Supporting Information).
Equipment and measurement conditions
The HPLC-MS system used for this study was a Shimadzu Prominence HPLC (UFLC) interfaced to a Thermo Fisher Scientific LXQ LC/LIT-MS n equipped with an ESI source. Separation by HPLC was conducted using an L-column 2 ODS semi-micro column (1.5 mm i.d. × 150 mm) with a particle diameter of 5 μm (Chemicals Evaluation and Research Institute, Tokyo, Japan). The flow rate of the mobile phase was 0.20 mL/min, and the temperature of the column oven was 40 C. A programmed solvent gradient was used to achieve better separation. The composition of the mobile phase was changed from 40% A (5% methanol containing 10 mM ammonium acetate) and 60% B (95% methanol containing 10 mM ammonium acetate) to 100% B in 15 min by steadily increasing the percentage of B. Subsequently, the composition was held constant at 100% B for 25 min and then was changed back to the starting composition for another 10 min. A DAD collected signals in the UV-visible region (380 -760 nm). The sample injection volume was 2 μL, and all of the solvents were filtered through a 0.45-μm filter prior to use.
The LC/LIT-MS n was operated in positive electrospray mode using the data-dependent MS 3 method as follows: (1) Full-scan MS with a scan range of m/z 100 -1000 (survey scan) in the enhanced scan mode for improved resolution. (2) MS 2 of the most intense ion as precursor from the MS survey scan. (3) MS 3 of the most intense fragment ion as precursor from MS 2 . The electrospray voltage was 5 kV. Helium was used as the collision gas, and the relative collision energy was set at 45%. The capillary temperature was set at 275 C, and the sheath gas flow was 25 (arbitrary units). An isolation width of 4 Da (±2 Da at the m/z value of the precursor ion) was used with a 30-ms activation time for the MS n experiments.
Analysis of standard dyes and database construction
Stock solutions of the standard disperse dyes shown in Table 1 were prepared at 10 μg/mL by dissolving them in methanol, and each solution was analyzed using LC/LIT-MS n as described above. The maximum wavelength was recorded in the UVvisible spectrum obtained by the DAD. The selected ion chromatogram for the [M+H] + ion of a standard dye was drawn from the survey scan spectra to know the retention time. 2 spectrum respectively, were also extracted from the LC/MS data to clarify the fragmentation profile of the dye. Furthermore, the peak area of the selected ion chromatogram was divided by the peak area obtained by the DAD to calculate the relative sensitivity between mass spectrometry and the DAD method.
The data obtained for each dye (retention time, m/z for [M+H] + , MS 2 and MS 3 spectra, and wavelengths of maximum absorption (λmax)) were stored in the database. The database was constructed using Thermo Fisher Scientific ToxID automated screening software. The usability of the database was then investigated by examining the solution containing 53 standard dyestuffs. This solution was prepared by dissolving the 53 standard dyestuffs in the methanol:DMF (1:1, v/v) mixed solvent at a concentration of 50 μg/mL for each dyestuff and was followed by further dilution with methanol to a concentration of 10 μg/mL per dyestuff.
Results and Discussion

Analysis of the standard dye
The protonated ions [M+H] + of all 53 standard disperse dyes + , Mean ± SD (n = 3). b. Peak Nos. are shown in Fig. 1(a) top. c. Relative sensitivities were calculated from peak area ratios, where the area of peaks of the selected ion chromatogram was divided by corresponding peak area obtained by DAD, Mean ± SD (n = 3).
could be detected by LC/LIT-MS n . The relative sensitivities (ion peak area/DAD peak area) of these standard dyes ranged from 5 to 173 (Table 2) + = 363, 425, 503, and 534, respectively) to clarify by MS n . We could make complete discrimination and identification of the 53 dyes examined in this study. Figure 1(a) shows the chromatograms obtained by the DAD (top) and the TIC (total ion chromatogram; bottom) from LIT-MS n for the solution containing the 53 standard dyes. The standard dyes were separated into 25 chromatogram peaks by the DAD. The maximum number of dyes in one peak was eight in peak No. 11, which was confirmed by the m/z values of [M+H] + ions and MS n fragment ions, and by the retention time values obtained from single standard dye analyses (see Table 2 ).
Figure 1(b) shows the UV-visible light absorption spectrum (top) and mass spectrum (bottom) corresponding to peak No. 15 from the top of Fig. 1(a) . Absorption bands are observed in the range from 540 to 600 nm in the top of Fig. 1(b) . Although the retention time (13.2 min) corresponds to three dyes (Disperse Blue 301, Disperse Violet 26 and Disperse Orange 62) (see Table 2 ), the MS peaks at m/z 569 and 571 shown in the bottom of Fig. 1(b) were concluded to be generated from Disperse Blue 301 by taking the isotopic abundance of bromine ( (Table 2) . In this manner, LC/LIT-MS n can verify the existence of dyes that are not identified by the DAD.
Dye discrimination by comparison of by-products
Azoic disperse dyes are normally synthesized by the diazotization of aromatic amines using nitrous acid followed by further coupling reactions with other aromatic compounds. The by-products produced during the synthetic processes can coexist with the main objective dyes via excessive introduction or lack of functional groups, such as chromophores of NO2, CO, and N=N groups and auxochromes of -OH, -OR, and -NR2 groups, which produce the desired color and increase the durability. 35, 36 The by-products provide information that is important for the identification and discrimination of dyestuffs synthesized using different processes because different dye-producing companies occasionally use different synthetic processes for the same dyestuff.
The 53 standard dyestuffs described in Table 1 were each examined for the presence of by-products. As summarized in Table 3 , 11 out of the 53 dyestuffs were found to include by-products. The TIC analyses of these 11 standard dyestuffs show peaks originating from by-products with different retention times and m/z values in addition to the peaks generated by the dyes themselves. Based on the differences between the m/z values of the by-products and dyes, the by-products are associated with the addition or elimination of ethoxy-, methyl-, and halogeno groups to or from the parent dye molecules. For example, Disperse Brown 9 shows absorption maxima at λ = 425, 471, 418, and 435 nm in the DAD. The absorption maximum at λ = 425 nm corresponds to the parent dye molecule with m/z 464, while the other absorption maxima correspond to the by-products with m/z 430, 450, and 422 (Fig. 2) . The expected molecular structures of the by-products are consistent with the MS 2 data and with the shifts in the maximum absorption wavelengths caused by substituent effects (Table 3) .
We also found differences in the relative amounts of byproducts from the standard dyestuffs produced by different dye companies. Disperse Blue 60 produced by one company contains no by-products, whereas the same dye produced by another company contains approximately 50% by-product (see Table 3 ). This result indicates that the by-products provide important information that can be used to identify the dyeproducing company. 
Database construction
A database of the 53 standard disperse dyes was compiled by recording the analytical data such as retention time, m/z for [M+H] + , MS 2 and MS 3 spectra, and wavelengths of maximum absorption (λmax)). The database was used to identify the 53 standard dyes in the mixed solutions (10 μg/mL) using the attached retrieval software (ToxID). As a result, 50 out of the 53 dyes (94%) were correctly identified, even though the 53 dyes were not all completely separated by LC. The three dyes that were not identified were Disperse Red 184, Disperse Red 323, and Disperse Red 364 (Table 2) . Their [M+H] + ions should be included in peak Nos. 11, 13, and 17, respectively, considering their retention times obtained from one by one analyses (Table 2 ). There are more than six precursor ions in each peak (Nos. 11, 13, and 17). Disperse Red 184, Disperse Red, 323 and Disperse Red 364 are considered to have relatively low intensities and not able to be taken up for CID in the full-scan MS to obtain the corresponding MS 2 and MS 3 spectra.
Conclusions
We established an analytic method for disperse dye separation and identification using LC/LIT-MS n . The proposed method enables reliable identification of 53 disperse dyes. This new analytical technique is expected to accurately discriminate between dyed fibers collected at crime scenes with or without controlled clothing.
Supporting Information
Chemical structures of the 53 disperse dyes used in this study are given in Fig. S1 . This material is available free of charge on the Web at http://www.jsac.or.jp/analsci/.
